The James Webb Space Telescope (JWST) Optical Telescope Element (OTE) consists of a 6.6 m clear aperture, 18 segment primary mirror, all-reflective, three-mirror anastigmat operating at cryogenic temperatures. To verify performance of the primary mirror, a full aperture center of curvature optical null test is performed under cryogenic conditions in Chamber A at the National Aeronautics and Space Administration (NASA) Johnson Space Center (JSC) using an instantaneous phase measuring interferometer 1,2,3 . After phasing the mirrors during the JWST Pathfinder testing, the interferometer is utilized to characterize the mirror relative piston and tilt dynamics under different facility configurations. The correlation between the motions seen on detectors at the focal plane and the interferometer validates the use of the interferometer for dynamic investigations. The success of planned test hardware improvements will be characterized by the multi-wavelength interferometer (MWIF) at the Center of Curvature Optical Assembly (CoCOA).
INTRODUCTION
After integration of the Optical Telescope Element (OTE) to the Integrated Science Instrument Module (ISIM) to become the OTIS, the James Webb Space Telescope OTIS is tested at NASA's Johnson Space Center (JSC) in the cryogenic vacuum Chamber A for alignment and optical performance. Figure 1 illustrates the test configuration and the optical paths involved in the testing. Hardware unique to this test configuration include the 4D Technologies instantaneous phase shifting multi-wavelength interferometer (MWIF) 4 and Harris-patented all reflective null optics 5 6 .
The alignment of the mirrors comprises a sequence of steps as follows 2, 7 : The mirrors are coarsely aligned using photogrammetry cameras with reflective targets attached to the sides of the mirrors. Then a multi-wavelength interferometer is aligned to the 18-segment primary mirror using coarse and fine alignment cameras at the center of curvature 8 . Once the interferometer is aligned, the 18 primary mirror segments are then adjusted to optimize wave front error of the aggregate mirror. This process aligns the mirrors in 6 degrees of freedom plus radius of curvature.
Vibration contributes uncertainty in the primary mirror figure measurement with movement between mirror segments and variation in the alignment between the mirror and the interferometer. Temporal variations in the relative positions of the mirror segments are manifested as primary mirror figure error. The variation in the alignment of the mirror relative to the interferometer adds fringe density contributing to measurement noise and, potentially, aliasing. The multiplewavelength interferometer can align and phase the mirror segments with step heights between segments of more than one millimeter by combining phase maps of differing wavelengths to remove phase ambiguity. Movement of the mirrors between phase maps also adds uncertainty in the phasing of the segments. To limit the impacts of vibration on the primary mirror wave front measurement, the interferometer takes 100 or more instantaneous frames and averages the results. 10 both processes interferometric data at a single wavelength and mathematically combines the wavefronts from the two wavelength interferograms into a synthetic wavefront (designed to make the data appear to have been taken at a much larger wavelength, ranging from 16.8 µm to 15 mm). This processing allows measurement of mm-class step heights. Repeatable measurements are achieved by averaging out the impacts of vibration. The synthetic wavelength utilized during fine phasing and dynamics characterization is 16.8 µm, enabling interferometric accuracy on step heights exceeding 1 µm. This synthetic wavelength consists of two fringe images at 687 nm and 660 nm wavelengths.
The relative alignment between the two Pathfinder segments at cryogenic temperatures achieved a vertical spacing position difference of 32 nm (Figure 2 ). The demonstrated wave front error (WFE) measurement repeatability is 11nm RMS with a segment to segment piston repeatability of 7 nm and a tilt repeatability of 6.5 nrad per axis. 
PATHFINDER TESTING
The primary mirror and PAAH Pathfinder tests in 2015 were the first time the OTE design had been tested as an optical system along with the ground support equipment (GSE). The Pathfinder is similar but not identical to the flight system. The key differences are: 1) the Pathfinder has only two primary mirror segments in the A4 and C4 positions, 2) the Pathfinder backplane has just a portion of the flight backplane, and 3) the science camera is replaced by a camera on a 3-axis stage to measure images at the telescope focal surface. Figure 3 illustrates the two segments in yellow compared to a full 18-segment primary mirror and sampled by a single subaperture auto-collimating flat (ACF). Figure 3 also shows the Pathfinder system in the vacuum chamber where the two segments can be seen. Only one segment is coated in gold and the other segment is uncoated Beryllium. Phasing of the two segments as well as multi-field wave front sensing is performed to test the optical ground support equipment, reduce risk, train staff, and to validate the facility performance. 
